A statistical approach to estimating the probabilistic distribution of composite damage sizes using aircraft service inspection data has been investigated. Bayesian updating methods were implemented to revise baseline composite damage size distributions using damage size data from the Federal Aviation Administration's Service Difficulty Reporting System (SDRS). Updating was performed on the Boeing 757 and 767 wing composite trailing edge devices, elevators and rudders, with the results demonstrating that the assumed baseline damage size estimates are conservative in nearly all cases.
Abstract
A statistical approach to estimating the probabilistic distribution of composite damage sizes using aircraft service inspection data has been investigated. Bayesian updating methods were implemented to revise baseline composite damage size distributions using damage size data from the Federal Aviation Administration's Service Difficulty Reporting System (SDRS). Updating was performed on the Boeing 757 and 767 wing composite trailing edge devices, elevators and rudders, with the results demonstrating that the assumed baseline damage size estimates are conservative in nearly all cases.
Component failure probabilities were recalculated using the updated damage size distributions, and these results show an overall improvement in reliability for the damage mechanisms analyzed. The results of the analysis demonstrate that an inspection and maintenance program that reports damage characteristics can be used to monitor the reliability of damage tolerant structures on a quantitative statistical basis.
Recommendations are also made for improving current inspection data reporting systems, which would enhance the ability to gather detailed information on the characteristics of each structural damage event. 
Introduction
The non-deterministic approach to damage tolerance is beginning to gain acceptance as a means of quantifying safety and reliability in primary aircraft structures. Probabilistic methods applied to damage-tolerant designs enable the characterization of uncertainty associated with damage accumulation and growth, inspection reliability and residual strength behavior of the structure. Using these methods, the safety and reliability of a structure can be assessed on a quantitative basis, allowing aircraft manufacturers, operators and flight certification authorities to evaluate the risk associated with structural failures in an aircraft fleet. A simplified probabilistic approach for quantifying the reliability of damage-tolerant structures has been previously investigated by Lin, Rusk and Du. 1 Structural reliability for a single inspection opportunity is defined as the compliment of the probability that a single flaw size larger than the critical flaw size for residual strength of the structure exists, and that the flaw will not be detected. The current methodology derived from this definition is sufficient for use on composite structures designed for "no damage growth" certification criteria. One of the most challenging aspects of applying this or any other probabilistic methodology to a damage tolerance problem is the determination of the appropriate distribution of actual damage sizes for each damage mechanism the structure will see in service. 
Reliability Formulation
The definition for damage-tolerant reliability derived in Ref. 1 will be used here for the subsequent analyses. The resulting equations rely on a probabilistic characterization of actual structural damage sizes and damage detection capability for the inspection technique being used.
This definition assumes that only a single flaw is present in the structure at a single inspection opportunity, and that the flaw is not growing with time. The definition should thus be sufficient for characterizing composite structures designed under "no damage growth" certification criteria. An additional assumption is that a single characteristic dimension can parameterize the damage mechanism being modeled.
The reliability equation itself is independent of the particular damage mechanism being modeled, since all of the configuration-specific information in the problem is contained within the parameters of the probability distributions. Therefore, the choice of appropriate probability models is important to accurately describe the nature of uncertainty for the specific problem of interest. Berens and Hovey 3, 4 have conducted significant research to characterize Probability of Detection (POD) models for cracks in metal aircraft structures. The results of these studies show that a cumulative LogNormal distribution (Eqn. 3) can be used to model the mean "hit/miss" response data from crack detection experiments.
Efforts to extend this research to the determination of POD characteristics for composite damage inspection techniques have so far been minimal. Thus, for the purposes of this analysis, the cumulative LogNormal POD model is assumed to apply equally well to composite damage types.
The form of the POD model is such that the probability of damage detection goes to zero as the damage size approaches either zero or some minimum detection threshold. This means that the frequency of occurrence for structural damage sizes is not completely observable over the range of possible damage sizes, so the exact shape of p(a) can never be completely characterized. An appropriate choice of probability models for p(a) that can account for this uncertainty is the Gamma (Eqn. 4) and Weibull (Eqn. 5) probability density functions (PDF's). Both of these models have shape factor terms that determine whether the density distribution goes to zero or approaches infinity as the damage size goes to zero.
Any damage size data collected from structural inspections represent a random sample not from the actual damage size distribution, but from the detected damage size distribution, which is a product of the actual damage size distribution and the detection probability of the particular inspection technique used (Eqn. 6).
The analytic detected damage size models are shown in Equation 7 for a Gamma actual damage size distribution, and in Equation 8 for a Weibull actual damage size distribution.
[ ]
Baseline Damage Size Data
One of the most difficult aspects of applying a probabilistic approach to damage-tolerant structural analyses is in determining the appropriate distribution of actual damage sizes that will accumulate on a structure in service. At present, little quantitative data exists on the damage size characteristics of various composite structural applications. One of the few published examples of such data was compiled by Gray and Riskalla. 5 An excerpt of this data is reprinted in Table 1 
The transformed POD parameter values are listed in Table 2 , and the resulting POD curves are shown graphically in Figure 1 . Parameter values were chosen to represent detection probabilities that can be reasonably obtained for operational inspections, and that would likely result in the distribution of damage sizes observed in Ref. 5 . The POD curves represent visual inspection capability for all hole and crack damage, and a combination of visual and tap testing capability for delaminations. In addition, a POD curve representing an automated non-destructive evaluation (NDE) method for detecting delaminations is also assumed.
To calculate the parameter values of p(a) from the baseline damage data, Equations 7 and 8 must be integrated numerically over the damage sizes corresponding to the cumulative probability of occurrence data in Table 1 . A double-precision Fortran program was written to solve for the p(a) model parameters using the secant method for sets of nonlinear algebraic equations. 6 The function integrations were solved using the SLATEC subroutines DQAG and DQAGI. 7 Integrations were carried out to a relative precision of 10 -12 . Parameter values converged to a cumulative absolute error of 10 -6 , and were solved for each damage type, for both Gamma and Weibull actual damage size models. Results are listed in Table 3 , and are shown graphically for the delamination case in Figure 2 .
The figure demonstrates that the choice of either a Gamma or Weibull PDF for p(a)
yields similar results for the damage type and the range of damage sizes shown.
SDRS Data
The damage size distributions derived from the data of Ref. Although not expressly designed for the purpose, SDRS can be used in some cases to obtain damage size data for individual structural components. Previous research efforts by Brewer utilized SDRS crack size data to estimate POD curves for inspection of metallic fuselage lap splice joints. 8 In this study, damage size data available from SDRS will be used to demonstrate Bayesian updating of prior detected damage size distributions. This data will also be used to validate the baseline composite damage densities derived from Ref. 5 , for specific airframe structural components. A third purpose in using this data will be to demonstrate how the existing commercial aircraft maintenance infrastructure can be adapted to gather statistically useful data on the damage threat environment of in-service aircraft.
An archive of all SDR's covering the period January 1990 to April 1999 was obtained from the FAA. Only records pertaining to structural problems on large commercial transports with a significant number of high-performance composite components were retained. All other records were deleted. The remaining records were searched by aircraft type for damage occurring on any major composite structures. Damage sizes and methods of detection are not required by the FAA to be submitted on structural damage reports. However, many inspectors choose to report this information anyway. The largest sample set of reported damage sizes found in the database was for the Boeing 757
and 767 airframes. The breakdown of damage events, reported damage sizes and components affected are listed in Table 4 for the 757 and Table 5 for the 767. Analysis of the records with damage sizes indicates that disbond and delamination damage is not consistently reported. Often disbond damage is reported as delamination in the records.
Dents, Gouges and General Damage have no apparent delamination associated with them, and so are treated as a separate case. The detection method is usually not reported, so is assumed to be visual unless otherwise stated.
Before using any of the SDR damage data in a statistical analysis, the limitations of the reported information must be addressed. Structural damage classified as a major repair is often handled through the FAA's Designated Engineering Representative (DER), or directly by the airframe manufacturer. In those cases, an SDR may not be filed by the maintenance activity. This means that the SDRS database does not contain all incidences of major structural damage that occur on a component in service. Also, only damage that is beyond the maximum acceptable limits is required to be reported. These limits are usually set by the airframe manufacturer's Structural Repair Manual (SRM), and are specific to the damage type and location on each component. Damage sizes below these limits are not required to be reported, and usually are not. As a result, damage sizes derived from the SDRS database do not represent a random sample from the overall damage size distribution of a component. These issues must be taken into account in the subsequent analysis, or the results will be significantly biased.
Bayesian Updating Formulation
Damage size data from the SDRS database represent a sample from the detected damage size distribution for each damage type there is data for. Using the form of Equation 7 or 8 for p o (a), the model parameters of the actual damage size distribution can be updated.
The damage size data do not represent a random sample from p o (a) however, because only damage sizes larger than the repair size limits are reported. If the size threshold for reporting damage is known a priori, then a particular damage size data point will represent a random sample only from the area of the detected damage PDF that is above the size threshold. This can be accounted for in probabilistic terms by the use of a truncated PDF, where the detected damage PDF can be expressed strictly as a function of damage sizes larger the threshold value (Eqn. 10).
The truncated version of Equation 7 is shown in Equation 11 for the Gamma actual damage size model.
Here, p o (a) is now conditional on the damage size being larger than the truncation value, and on the Gamma model parameter values. The entire actual damage size distribution model can now be updated with data sampled strictly from the region beyond the threshold limit. [ ] 
The prior distributions of the model parameters τ and θ were assumed to be independent for simplicity. For this analysis, a two-parameter Gamma PDF was used to model the τ parameter prior distribution (Eqn. 17), and an Inverse-Gamma PDF was used to model the θ parameter prior distribution (Eqn. 18). However, any continuous univariate PDF can be used to model the prior distributions.
To obtain the joint posterior distribution of the model parameters, Equation 16 must be solved numerically. This is typically done using Monte Carlo simulation, however due to the complexity of the likelihood function, it is not possible to sample directly from the likelihood. In such cases, importance sampling can be used to circumvent this problem.
Gelman, et al. outline a method for estimating the marginal distribution of the joint posterior model parameters using importance sampling. 9 A normalized PDF, g(τ, θ), is introduced in the equation for the expected value of the updated marginal distribution (Eqn. 19). Ideally, the selected PDF can be efficiently sampled from, and is a close approximation to the joint posterior parameter distribution.
The importance weight factor is defined as the ratio of the density to be simulated to the approximating density (Eqn. 20). 
Updated Damage Sizes
It is clear from Tables 4 and 5 that the small sample of damage sizes available from the SDR database precludes the ability to derive, with any significant degree of confidence, initial component damage size estimates from this data alone. However, with the Bayesian updating formulations just derived, SDR damage size data can be used to revise baseline probability distributions for each damage type. The baseline distributions used here were derived previously from the data of Ref. 5 . For all of the damage types reported in Tables 4 and 5 , only disbonds, delaminations, holes and cracks were used to perform updating. Disbonds were grouped with delaminations because of the difficulty of sorting out the specific damage mechanisms from the individual records. The lightning strike damage on the 767 elevator was treated as a delamination. Four of the delaminations on the 767 were detected using NDT/Ultrasound techniques, and these data points were accounted for in the updating calculation by using a likelihood function that incorporated multiple inspection techniques for a given damage type. SDR damage records that report damage sizes usually do not report damage shapes. For disbond, delamination and hole records that only report a single dimension, the damage was assumed to be circular. If more than one dimension is given, the damage was assumed to be elliptical. The damage size was then recorded as the equivalent circular diameter of the ellipse. Crack dimensions were assumed to be the overall crack length.
Each reported damage size has a maximum repair size limit associated with it, and the limits are typically set by the manufacturer's SRM. All of the reported damage sizes were cross-checked with the appropriate Boeing SRM to determine the corresponding repair size limits. Without detailed dimensions of damage locations from the SDR data, and drawings of the affected part, it was difficult to ascertain which repair limit criteria caused the damage event to be reported. Using information in the SRM, criteria for choosing repair limits were established to provide a systematic approach to setting damage size thresholds based on the repair information reported in each SDR data record.
For each reported damage size, the repair limit criteria used were:
1. If the damage size is smaller than all SRM repair limits, the threshold is set to zero.
2. If the damage size is smaller than the permanent repair limits, and is repaired with an unspecified permanent repair, then the threshold is set to the interim repair limit.
3. For damage sizes above all SRM repair limits, if the repair type is not specified, then the threshold is set to the interim repair limit. 4 . For large damage with no size limit specified on the repair type, the threshold is set to the largest repair limit for other repair types that is smaller than the reported damage size.
Applying the repair limit criteria gives a threshold value associated with the reported damage size. The threshold value will be in terms of the largest damage dimension, and must be corrected when the damage area is non-circular. This was accomplished by calculating the aspect ratio of the reported damage area, and setting the major axis to the threshold value, the minor axis of the threshold is calculated keeping the aspect ratio constant. An equivalent circular diameter for the threshold limit is then calculated from the major and minor axes dimensions. This technique reduces the effect of damage shape reduced Failure Probabilities for current designs, and increase confidence that reliabilitybased methods can quantify uncertainty in damage-tolerant structural designs.
Data Reporting Criteria
The results of the Bayesian updating analysis using Service Difficulty Report data demonstrate that an inspection and maintenance program that reports damage characteristics can be used to monitor the reliability of damage tolerant structures on a quantitative statistical basis. The criteria for reporting damage to SDRS poses some unique challenges when trying to use the data to update reliability predictions. Since only damage beyond the maximum repair size limit is reported, the volume of damage size data that accumulates is highly dependent on how large the repair size limits are in relation to the mean values of typical damage sizes. If the repair size limits cover nearly all damage sizes seen in service, only a few exceptional data points will available for updating. It would therefore be difficult to make any meaningful statistical inferences from such a small data set. Ideally, one would like to have data on all damage events that are detected for every inspection opportunity. However, documenting all of this information could prove to be excessively burdensome for those doing the inspections.
One compromise would be to report all damage sizes that are repaired. This should provide a much larger set of data to work with than only reporting events beyond the repair size limits.
Another issue related to the SDRS reporting requirements is whether or not all damage sizes larger than the repair size limits were actually reported. The size and effect that this missing data set has on the Bayesian updating results presented here is unknown. What is also unknown is the effect the records with unreported damage sizes have on the results.
It is evident from the data in Table 4 and Table 5 that the majority of the damage events reported to SDRS do not have damage sizes associated with them. The Bayesian updating analysis using this data assumes that the recorded damage sizes represent a random sample from all of the damage events reported. It may be such that only in the worst cases of damage were the damage sizes actually reported. This would skew the analysis results towards a larger damage size distribution than would otherwise be the case.
Many of the concerns about SDRS data arise primarily from trying to extract damage size information from a system that was not designed to record such data. If the updating methods were using data from an inspection and maintenance program that was specifically tailored to report damage characteristics, most of these problems would be eliminated, or at least significantly reduced. Modifications to the system's current data reporting format are suggested here, which would enhance the ability to gather detailed information on the characteristics of each structural damage event. These suggestions are not unique to the SDR system, and should be equally applicable to any other inspection and maintenance program that records damage information for use in structural reliability estimates.
1. Distinguish between disbond and delamination damage on composite sandwich structures.
2. Add a check box on form for reported damage size beyond Structural Repair Manual limits.
3. Add database fields for recording number of damages, damage sizes, damage detection methods, and number of airframe hours or cycles for each report.
4. Add capability for characterizing damage events with multiple damage mechanisms present.
5. Include dimensional locations of damage site in report.
6. Specify repair method used to repair damage.
Conclusions
The In light of these results, changes to current inspection and maintenance reporting procedures are recommended that would allow the continuous collection of statistically useful structural damage data for application to reliability analyses. The increase in relevant data resulting from these changes would allow much more refined estimates of airframe component reliabilities compared to estimates derived from existing data only.
Updating of damage size data would also allow fleet reliability estimates to be revised on an ongoing basis, and enable the highlighting of adverse reliability trends before they lead to catastrophic failure. 1.E-08
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